ABSTRACT As a preliminary to establishing a frozen valve bank for replacement surgery, the possible effects of the proposed freezing and thawing procedure on tissue structure were assessed in 16 human pulmonary valves removed from cadavers at necropsy and nine dog valves obtained fresh. The valves were frozen and stored in liquid nitrogen for intervals ranging from 23 to 380 days. Blocks of tissue cut from the central area of one leaflet, and including some adjacent arterial wall and ventricular myocardium, were obtained both before freezing and after thawing and examined by a large specimen resin embedding technique for light and electron microscopy, with histochemical staining for matrix material. Control and thawed tissue from all valves appeared similar, indicating good preservation irrespective of storage time. Fine structural alterations in the cellular elements correlated with the total interval of autolysis (from death to freezing) rather than the cause of death or other variables and were not uniform in any of the specimens. A further nine valves, both pulmonary and aortic, were obtained fresh from dogs used for short term experimental cardiac surgery and were frozen within two to three hours of collection.
The demand for valve replacement surgery at Green Lane Hospital is currently so great that an adequate supply of human valves for grafting is difficult to maintain with the wet storage method at present in routine use (immersion in antibiotic containing Hanks' s solution at 4°C).' Valves are discarded if they have not been used within three months of collection because of possible loss of soluble components from the connective tissue, a process that might lead to weakening of the leaflets or an altered host response after implantation. Freezing of valves in liquid nitrogen, after suitable sterility testing or sterilisation procedures, or both, would allow their indefinite storage and eliminate wastage. As part of a preliminary evaluation of the techniques required for establishing a frozen valve bank, we have recently assessed the structural preservation of human and dog valves after freezing and thawing, using a large specimen resin embedding technique to enable combined light and electron microscopic examination of the valve leaflet and supporting tissues.
Methods
Sixteen human pulmonary valves (table) were obtained at necropsy from donors comprising 11 males and four females aged 15-53 years, who had died from various causes. The time intervals between death and procurement of the valves for freezing ranged from seven to 36 hours.
A further nine valves, both pulmonary and aortic, were obtained fresh from dogs used for short term experimental cardiac surgery and were frozen within two to three hours of collection.
The freezing technique was based on that used routinely in the department of cardiac surgery of the Prince Charles Hospital, Chermside, Queensland, Australia. Each valve was sealed into an individual plastic bag containing 20 ml of 10% dimethyl sulphoxide in TC 199 medium, and the bag was insulated in such a manner as to produce a cooling rate of about 1.5°C a minute after it had been placed in a liquid nitrogen freezer. Valves were stored in a vapour phase of liquid nitrogen (boiling point -196°C) and thawed rapidly by immersion of the bag in water at 40°C for two minutes, with subsequent rinsing in Hanks' s solution.
In this study both human and dog valves were stored for periods ranging from 23 to 380 days before being thawed.
Both before freezing and after thawing a block 778
Morphology of heart valves preserved by liquid nitrogen freezing 3-4 mm wide, including not only leaflet tissue but also some supporting arterial wall and adjacent myocardium, was removed from the central area of one of the cusps of each valve (fig 1) . These blocks were subdivided into three or four blocks 1 mm thick and the tissue was fixed in phosphate buffered 2.5% glutaraldehyde (pH 7.2-7.4) for 18-24 hours. It was then washed in 0.1 moVl phosphate buffer, postfixed in 1% osmium tetroxide, dehydrated in graded ethanols, and embedded in epoxy resin in JB4 moulds (12 x 6 mm). Additional blocks from each valve were embedded in paraffin wax for histochemical examination.
The resin embedded material was initially sectioned for light microscopy at 1-2 am on a Sorvall JB4 microtome. These sections were mounted on glass slides and stained with toluidine blue2 or by the Azan technique3 after removal of the resin and bleaching of the osmium tetroxide. Subsequently selected areas were trimmed down by the mesa method and sectioned with diamond knives at 50-100 nm for electron microscopy. The ultrathin sections were mounted on plain copper grids, stained with uranyl acetate and lead citrate, and examined in a Philips EM300 electron microscope at an accelerating voltage of 60 Kv. The paraffin wax Morphology of heart valves preserved by liquid nitrogen freezing most intracuspal cells presented a largely normal fine structural appearance except for mild or moderate clumping of the nuclear chromatin, focal dilatation of the endoplasmic reticulum, and some cell to cell variation in electron density of the cytoplasm. Occasional cells showed also a slight swelling of the mitochondria, the presence of single lipid droplets, or focal membrane degenerations such as myelin figures (fig 5) .
The fine structure of the cells in the human valves was more variable and ranged from near normal, as described for the canine material, through degenerating or senescent (with many lipid droplets, generalised swelling of organelles, and breaks in the plasma membrane) to frankly necrotic (with total absence of plasma membrane and grossly swollen, disintegrating organelles)-see figs 3 and 6. Cells showing degenerative changes were distributed at random throughout all three layers of the leaflet and severely altered or necrotic ones often lay beside those showing little alteration from the normal. But, the relative proportions of altered and nearly normal cells observed varied from valve to valve and appeared to be related to the interval between death and freezing (table), most cells having a nearly normal appearance in the valves frozen less than 18 hours after death of the donor and progressively more degenerating and necrotic cells being seen in those frozen after longer periods of postmortem autolysis. As in the canine material, control and frozen and thawed specimens from each valve did not appear significantly different.
The endothelial covering of the leaflets was intact in all dog specimens (figs 2 and 7) but partially or completely lacking in the human specimens. Where persistent endothelial remnants were seen in sections of human leaflets the cells usually had a degenerate appearance (fig 8) Morphology of heart valves preserved by liquid nitrogen freezing examining this aspect of valve condition, changes in fine structure reflect quite closely the biological condition of cells and can be used conveniently to distinguish viable from non-viable fibroblasts in leaflet specimens.14 17 The morphological approach does allow relative numbers and overall distribution of viable cells to be estimated also. Our observations on both human and canine material are consistent with a previous report'7 that the cell populations in valve leaflets collected for grafting are usually not uniform morphologically. We observed a range of appearances from normal to necrotic in all human material irrespective of the origin, circumstances of collection, and subsequent treatment of valves. Thus we must assume that there is a normal turnover of fibroblasts in the cusps of semilunar valves, just as there is in most other tissues, and that adverse conditions such as postmortem autolysis and storage procedures will probably alter the balance of viable, senescent, and necrotic cells progressively over a critical time interval rather than produce a rapid and clearcut transition from all viable to all non-viable. This emphasises the importance of using more than a single "presence or absence" method of demonstrating viable fibroblasts if it becomes established unequivocally that viability is a crucial factor for valve survival.
The experimental studies of McGregor and colleagues, however, using tissue culture with assessment of protein and collagen synthesis on both stored and implanted material,'8-20 have cast serious doubt on the viability theory. Reservations about the persistence of cellular viability in cryopreserved valves in particular have been expressed by Rajotte and colleagues,2' who carried out a very detailed histological examination of semilunar valves cultured after freezing and thawing; and Angell and colleagues have admitted22 that methods more sophisticated than those used originally have shown half the fibroblasts in their cryogenically stored grafts to be incapable of division.
Assessment of the condition of the ground substance or matrix of the connective tissue presents an even more difficult problem. Electron microscopic examination and histochemical staining for acid mucopolysaccharides, as used in our study, are not quantitative methods and allow only relatively gross comparisons to be made. Although we observed 
